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ABSTRACT

At the request of the Assistant Director for Engineering
Technology, ODDR&E, IDA conducted a study of ceramic-matrix com-
: posite (CMC) technology for the purpose of assessing (1) the

potential usefulness of such materials to DoD systems, (2) the
‘ present scientific and engineering state of affairs for such
materials, (3) whether the DoD should contemplate new projects
for such materials, and, if so, (4) what should be the technical
g nature and direction of such projects. Approximately nine man-
months of direct IDA effort were devoted to this task. The meth-
odology included a survey of the technical opinions of about 300

knowledgeabtle scientists and engineers, and a workshop of about
15 members of the scientific community who were actively involved
in CMC technology. The purpose of these was not to establish
any type of consensus, but rather to establish up-to-date tech-
nology base and opinion data which the authors then assessed in
order to form their own critical judgments. It should be em-
phasized that there are very few ongoing DoD projects or appli-

cations for CMCs; this study, therefore, is almost entirely con-
cerned with possible future plans.

Areas of beneficial applications are outlined, and it ap-

pears clear that the potential usefulness of CMCs to DoD systems
is high and very broad in scope. Although there are a few ex-
ceptions, it does not seem to be qulte so clear which areas of

the technology are likely to prove the most promising for insti-
gating future programs. Nonetheless, the knowledge base in ex-
istence today is substantially greater than that of just a few
years ago, and the authors applied their best judgment in attempt-
ing to formulate suggested initial projects for DoD consideration.




Two options, as frameworks for possible future actions,
are offered. Option I contains what the authors consider to

be the highest priority program, at an estimated level of
effort of 16 man-years the first year; Option II contains ad-
ditional somewhat lower priority but highly desirable projects
which add up to an estimated total of about 29 man-years the
first year. Since these are all new and speculative projects
(with varying degrees of technical risk), no attempt is made

to formulate the program for the second year and beyond; this
must be influenced by the results of the R&D. If the DoD feels
that the application benefits are sufficlently desirable, the
general recommendation is made that one of these options (or
some variation thereof) be adopted and implemented.
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EXECUTIVE SUMMARY

A. INTRODUCTION

At the request of the Assistant Director for Engineering
Technology, ODDR&E, IDA conducted a study of ceramic-matrix com-
posite (CMC) technology for the purpose of assessing (1) the
potential usefulness of such materials to DoD systems, (2) the
present scilentific and engineering state-of-affairs for such
materials, (3) whether the DoD should contemplate new projects
for such materials in its future Materials and Structures Tech-
nology Base programs, and, if so, (4) what should be the tech-
nical nature and direction of such projects. Approximately nine
man-months were devoted to this task, including IDA personnel
and consultants. Dr. H.M. Davis, coauthor of this paper, is a
consultant to IDA.

A ceramic-matrix composite is defined as a material with a
continuous homogeneous ceramic phase, reinforced with a second
(or more than one) phase, which may or may not be continuous.
The second phase(s) may be either particulate or fibrous and
may be either ceramic or metallic. The major purpose of any
CMC is to attempt to overcome the single largest disadvantage
of ceramics, their extreme brittleness, while continuing to take
advantage of their excellent high-temperature properties, their
corrosion resistance, and their hardness. In the present study,
only structural applications were considered where the component
had to withstand tensile stresses with a high reliability.

ix
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B. METHODOLOGY

The major approach to accomplish the objectives of this
study was to utilize, as much as possible, the expertise of the
entire U.S. technical ceramics community. First, a technical
survey questionnaire (Appendix C) was sent to over 300 knowl-
edgeable persons in the science and engineering of high-per-
formance ceramics. Second, ar Intensive workshop was attended
by 15 persons selected for their present interest and experience
in CMCs. Third, was the meeting of a five-man panel, which had
access to both the survey and the workshop, to attempt to sum-
marize the key points brought out. Also, the authors conducted
a literature search and held numerous private discussions.

It should be emphasized that the end purpose of gathering
this vast amount of technical information from such a wide source
was not to seek a consensus of opinions. In fact, it 1s probably
next to impossible to obtain a meaningful consensus on such a
complex subject as evidenced by the summaries of the opinions
expressed in the survey and in the workshop (Chapters III and
IV of the text). Rather, the end purpose was to obtain a rea-
sonably complete and up-to-date data base of technological
status and a broad spectrum of informed opinion from which the
authors could draw conclusions based on their assessment of the
information. Thus, the final recommendations represent the
considered judgment of the authors. Since 1t 1s impossible to
Justify such judgments on any rigorous basis, it 1s recognized
that other observers might draw a somewhat different set of con-
clusions. For this reason, as much of the raw data and opinions
as feasible 1is included in the text.

C. FINAL ASSESSMENTS AND RECOMMENDATIONS

The final assessments and recommendations of the study are
summarized below 1n the same sequence as the list of objectives
given earlier. It should be emphasized that this is not a matter
of assessing the efficacy of what the DoD 1s presently doing;
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essentially, there 1s no ongoing DoD program of sufficient size
to warrant a critique. Rather, then, what is being done is to
assess the future potential of CMCs, starting from practically
a zero present applications base.

1. Potential Usefulness of CMCs to DoD Systems

a. Short-Term (<5 years) Applications

A
Seeker Domes. Many of the present radomes ére made of

slip cast fused silica which presents problems in both integrity
and rain erosion. There has been past work on quartz filament-
wound/silica materials which showed promise.

Reentry Vehicle (RV) Antenna Windows. Present quartz/
silica or boron nitride/boron nitride are marginal performers

as pointed out in an earlier IDA paper (Ref. 1). DoD work on
high-performance boron nitride fibers is almost at a standstill
and should be reinvestigated for this as well as other appli-
cations.

Concrete Structures. Iron wire-reinforced concrete is

almost reaching a commercial stage, particularly through the
efforts of Battelle on selling their Wirerand process. The
DoD has been somewhat remiss in not applying a larger effort

to investigate the pétential uses of this and similar reinforced
concrete (or cement) composites.

Armor for Kinetic-Energy Penetrators. The analytical

ability to predict how successful armor arrays should be built

is presently very limited. A systematic experimental program

to empirically outline the materlals systems needed appears to

be in order. One supposes, with some confidence, that reinforced
ceramics (including laminates in this case) will have a high
priority.

Moderately Increased Temperature Gas Turbines. A mod-
erate increase of uncooled gas-turbine inlet temperatures to
2000°F (with excursions up to about 2200°F for short periods) may

x1




be feasible using silicon carbide fiber-~silicon composites.
While obviously not as exciting as temperatures of 2500°F or
more, such applications do offer the promise of increased fuel
savings and perhaps at low cost (by comparison with superalloy
materials).

Erosion-Resistant RV Nosetip. This is a seemingly
pressing problem that has been covered in a previous IDA paper
(Ref. 1). The emphasis here is that the tantalum carbide/
graphite composite (see Appendix A, page A-15) and the boron
carbide/graphite composite (see Appendix A, pages A-40 and A-42)
are promising enough that they should be considered strongly for
applied system efforts.

Shipboard Multifunctional Incinerator. An ongoing Navy

6.3 program, this device is having serious refractory liner ‘
problems due to the various criteria it must meet, not the least
of which is being usable on board a ship (Chapter II, Section
D-4). The Navy is presently attempting to use a thin castable
refractory lining either sprayed or (more usually) troweled in
place. It would appear feasible and advantageous to incorporate
ceramic fibers (perhaps alumina or silicon carbide, depending

on the precise matrix).

b. Long-Term (>5 years) Applications

Reinforced Glass Composites. Although not yet designed
for a specific appliqgtion, this type of material now appears to
have sufficient basic data to indicate a high promise and to warrant
a search for usefulness. The reader's attention 1s directed to
Appendix A, Section 6. With a density ~2lose to carbon/polyimide
(and much less than carbon/aluminum), carhon/glass has a potential
use temperature of over 1200°F as opposed to T700-1000°F for carbon/
aluminum. Although the present study has not looked hard at de-
tailed applications, such investigations should be made.

Air-Breathing Engines. From a resources standpoint, the
bulk of present DoD ceramics R&D lies in support of the ceramic

xii




i

SRR

gas turbine, and almost all of this effort is concentrating on
silicon nitride and silicon carbide. Most members of the ceramic
community have expressed concern as to whether a monolithic ce-
ramic can be successful (at least in taking full advantage of
ceramic properties) for this application. This area engendered
the largest number of suggestions where it was thought that CMCs
ought to be researched.

Diesel engine designs are well along the way to using
ceramics for their refractoriness and thermal insulation. How-
ever, further significant advances (particularly in areas of
reduction of energy use) can evidently be made by making all-
ceramic hot moving parts, thus taking advantage of the higher
ceramic strength-to-weight ratios. To do this would probably
require composites.

Preliminary designs for a closed-Brayton-cycle ship
propulsion engine (Chapter II, Section D-2) indicate that if a
ceramic heat exchanger could be built to operate for long periods
(about 10,000 hours) at 2500°F, the specific weight of the power
plant could be reduced by as much as a factor of ten. While a

stationary device, the long-term thermal stresses and oxidation
present extremely difficult problems. It may be necessary to
have the components built of oxide materials for such long-term
use. However, oxides would almost surely have to be toughened
by compositing. This 1is a strong argument for corncentrating

S e s oalie s o e h .

some R&D effort on oxide-matrix composites, especially since it
could also apply to short use-cycle-time engines.

c. Other Applications

There are a number of other less well-definable CMC
applications. Two that should be mentioned here are ceramic ;
bearings (most likely silicon nitride) and ceramic gun tube

inserts (probably alumina or zirconia). Another longer term |
use_might be nozzles for chemical laser systems.

x11i1




2. The Present Technology for CMCs

Our underatanding of the technology of most ceramic-matrix
composite systems seems to be broadly increasing although still
incomplete. There has been work (of varying degrees of scien-
tific sophistication) on a large number of material combinations
and further exploratory work searching for new chemical com-
posite systems no longer seems justifiable. For those systems
that have been investigated, however, greater knowledge 1s
needed about the chemical and physical bonding characteristics
between the matrix and the reinforcement. Almost all potential
applications for CMCs involve high-temperature and a corrosive
(particularly oxidative) environment, and often temperature
cycling. Under these conditions, chemical reactions between
the phases or with the external environment may have a dele-
terious effect on the performance of the component. In fact,
examination of research results to date leads to the following
general conclusion.

e Metal (especially refractory metal) fiber-reinforced
ceramics are not promising for any high-temperature
application in an oxidizing atmosphere. It does not
matter whether the metal is grown Zm eittu or not,
and all attempts to protect the wire with oxidation-
resistant coatings have failled.

For this reason, the authors have not recommended any fur-
ther long-range R&D involving metal fibers. Proponents of metal-
fiber/ceramic use point out that such composites have shown
great increases in fracture energy and toughness (which is true)
and that dense thick surface coatings of a homogeneous ceramic
could overcome the oxidation problem. The authors are not im-
pressed with the latter argument since even one propagating sur-
face crack could cause oxidative failure.

Of the monolithic ceramic materials, silicon nitride and
silicon carbide have had perhaps the heaviest R&D attention over

xiv




the past seven to elght years. They have very good oxidation
resistance and "toughness" and are thus the prime candidates
for ailr-breathing engine components and high-temperature heat
exchangers. However, they are still somewhat of a compromise;
their oxidation resistance is not as good as oxide materials
and their inherent toughness does not approach that of metals.
Successful attempts to increase the "toughness" were made sev-
eral years ago by incorporating long silicon carbide fibers
into a silicon nitride matrix. However, the only fibers then
available were made by vapor debositing silicon carbide on a
tungsten wire; such a fiber is limited (because of deleterious
thermal degradation) to temperatures of use below about 1500°F
and no more work has been done on this particular composite.
Recently developed silicon carbide fibers, not using a metal
substrate, give promise of removing this restriction. As far
as oxlidatlion resistance is concerned, it should be emphasized
that the mechanisms and, particularly, the effect of long time
at high temperature are imperfectly understood for silicon car-
bide and hardly known at all for silicon nitride. The authors
are uneasy about the wide range of applications being promul-
gated for these materials without the exlistence of better cor-
rosion data, especially at long times. In addition, possible
"pest reaction" problems seem to be ignored.

Excellent technical results have been obtalned in growing
in gitu oxlide fibers and lamellae in oxide matrices by directional
solidification (DS). The scientific problems seem well in hand.
Several people, however, dismiss this technique (which is some-
what analogous to single crystal growth) as impractical since
it 1s presently a long slow process. While possibly true, the
opinion of the authors i1s that it may well be the only way in
which useful fiber-reinforced oxides can be formed. Considering
the potential importance of oxides with greatly increased
"toughness," 1t would seem impractical not to focus some R&D
attention on improving the fabrication techniques.
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In general, CMC processing techniques form a very signifi-
cant area for research attention. The use of classic methods
for introducing brittle fibers (e.g., by mixing with the matrix
powder and then hot-pressing) generally may not work well enough
to ever warrant consideration as a manufacturing method; for one
thing, the fibers often break up and become almost useless. As
pointed out in the text (see, e.g., Chapter V, pages 61 and 62),
several innovative processing methods of promise are in various
stages of development for both fiber and particle composites.
The authors consider this a vital area for longer range R&D
programs.

Partially stabilized zirconia (PSZ) is a CMC with quenched-
in metastable particles as a reinforcing phase. Introduced Jjust
a few years ago, 1t has excellent toughness and abrasion resist-
ance and is becoming useful as an extrusion die in forming copper
and brass wire. It is also true that no one seems to have a very
complete explanation for just why it 1s so tough. While not
standing in the way of application of PSZ, this lack of knowledge
does inhibit the search for other ceramic systems which might "ex-

hibit similar behavior. Generalizing this problem, the mechanisms

of toughening in composites are still not sufficiently clear,
despite an impressive accumulation of knowledge. While no one
would reasonably argue that the theory must be complete before
applied studies are made, it does appear that increased R&D
efforts would be fruitful in understanding the basic fracture
mechanics of CMCs. Nondestructive evaluation also falls in this
category.

Several CMC systems appeared to be sufficiently advanced,
in the demonstration of both properties and processing, that
they deserve to be discussed.

e Fiber-Reinforced Concrete or Castable Refractory

Most of the newer developments have been done under pri-
vate auspices and have reached a stage for one system (chopped

xvi
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iron wires in concrete) where large-scale demonstration efforts
are under way.

e Graphite Reinforced with Carbides

The implacement of tantalum carbide fibers (formed in
situ) in a graphite matrix appears to be at an advanced devel-
opment stage. Under security wraps, this work has been under
way 1in DOE facilities for many years and is belleved to be a
proven on-the-shelf material. 1Its usefulness 1s for very high
temperatures in nonoxidizing environments. Particulate rein-
forcement by boron carbide in graphite is not as far along, but
looks promising‘for reentry vehicle use.

e Silicon Carbide-Carbon/Silicon

There are various systems under deve;opment which have
silicon as a matrix, reinforced with silicon carbide (or silicon-
carbide-coated carbon) fibers or particles. Use temperature 1is
limited to not much over 2000°F, but such materials appear to
show good "toughness" characteristics with potentlially inexpen-
sive fabrication techniques. Mechanical property determination
has not yet been extensive enough to warrant immediate exploi-
tation, but many of these systems are quite well developed.

e Nonmetal Fiber-Reinforced Glass

Much R&D was done on CMCs using glass (including fused
silica) matrices in the 1950s and early 1960s. There was then
a hilatus until a year or two ago. For example, filament-wound
silica fibers in a fused silica matrix was successfully devel-
oped for radome use, in about the mid-1960s, but then the tech-
nology appeared to drop from sight. Work has been done recently
on introducing continuous fibers of carbon or silicon carbide
into glass and subsequently forming complex structures. Both
the strength and the toughness are improved with increasing
fiber content, which appears to be a unique characteristic
among CMCs. Use temperatures up to about 1200°F in an oxidizing
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atmosphere now appear feasible. Although in early stages of
development, the technological outlook seems very promising.

D. RECOMMENDATIONS FOR DoD ACTION

From the previous discussions, it would appear that the
potential usefulness of CMCs to DoD systems 1s high and very
broad in scope. With a few exceptions, it is not quite so
clear which areas of technology are likely to prove the most
promising for instigating R&D programs. Option I, below, pre-
sents one suggested program involving what appears to be the
smallest and most effective investment of resources. Option II
lists additional desirable projects if (or when) greater re-
sources become available. CMCs, as a whole, form a cohesive
technology with common basic problems regardless of the spe-
cific materials involved, and 1t 1s strongly recommended that
the program be organized as a single coordinated DoD effort to
permit the best use of funding.

OPTION I: SUGGESTED MINIMUM CMC PROGRAM

No attempt will be made to lay out a schedule or to delin-
eate between in-house or contract work. Since almost all proj-
ects would be new starts (even if serving the needs of an on-
going program), only the first year's effort 1s indicated. It
1s understood that each project would be reviewed periodically
with the direction or funding altered as appropriate. The sug-
gested projects are listed in order of closeness to applicability
and seeming potential. Estimated resources required for the
first year, in man-years (MY), are shown for each. These esti-
mates reflect a minimum meaningful project size based on the
background experience of the authors.

1. Near-Term (<2 years)

1.1 Ceramic Fiber/Castable Refractory. To investigate
chopped alumina fiber in typical high alumina refractory liners
for use in newly developing Navy shipboard multifunctional in-
cinerators. (3 MY)
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2. Moderate-Term (2-5 years)

2.1 Nonmetallic Continuous Fiber/Glass. To investigate
* boron, carbon, and silicon carbide fibers imbedded in various
glass matrices. An intensive applications tradeoff study is

suggested as part of this. An existing Air Force project 1s
] about one man-year per-year-effort on alumina fibers for pos-
sible radome use. (2 MY)

2.2 Erosion-Resistant RV Nosetip. To investigate further
existing carbide/graphite composites developed by Los Alamos

and by NRL for RV nosetip application. There 1s a small ex-
isting Navy contract, estimated at about one man-year per
year. (2 MY)

2.3 Oxidation Resistance of SiC and 513§4. To investigate
the stated problem so that reliable projections can be made to

10,000 hours. Also, the question of short-time low-temperature
(about 900-1000°C) should be resolved. While not strictly a
CMC project, the results could have a strong impact on the
urgency of future CMC investigations. (1 MY)

3. Long-Term (>5 years)

3.1 SiC and 513[{_4 Fibers/Si3ﬁ4. To investigate the use of
the newer SiC long fibers 1in a Si3Nu matrix. In a concurrent
part of the project, investigate the in situ incorporation of

fibrous or whisker-like 813Nu in the same matrix. (2 MY)

3.2 Oxide Fibers/Oxide. To investigate further in situ
directionally solidified (DS) oxide growth in oxide matrices
with special attention to improved processing techniques. This
is an important backup technology in case SiC and Si3Nu prove
impractical. (2 MY)

3.3 Sol-Gel Techniques for Carbides and Nitrides. To ex-
plore innovative sol-gel methods for precipitating (or copre-
cipitating) very fine particle composites, particularly relating
to Sic and 813 ys The Navy has some sol-gel in-house research.
(1 MY)
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3.4 In Situ Copyrolysis of Fibrous Precursors. To explore
innovative methods whereby reinforcing fibers can be formed in
place (within the matrix) by pyrolytic techniques. The Navy
has a small in-house effort. (1 MY)

3.5 Toughening and Strengthening Concepts and NDE. To
better understand the micromechanics of CMCs and potential non-
destructive evaluation (NDE) techniques. The Navy has an in-
house effort. (2 MY)

The total estimated resource effort required for Option I
is 16 man-years for the first year.

OPTION II: SUGGESTED DESIRABLE CMC PROGRAMS

This option includes Option I and the following suggested
projects.

1. Near-Term (<2 years)

1.1 Metal Fiber/Concrete. To investigate and expand on
exlsting iron or steel-fiber-reinforced concrete for possible
application to castable boat hulls. (2 MY the first year)

-

Moderate-Term (2-5 years)

2.1 Silicon Carbide/Silicon/Carbon. To investigate the
application of existing technology of either preform SiC/Si or
molded SiC/Si/C materials for medium-temperature gas turbine
engines. (2 MY)

2.2 CMCs for Gun Barrel Liners. To investigate the various
concepts and their potential benefits whereby CMCs could be ap-
plied to the gun barrel erosion and wear problems. (1 MY the
first year)

2.3 CMCs for Ceramic Bearings. To investigate concepts
whereby ceramic roller and ball bearings (especially 813Nu)
might have their life and reliability significantly increased
by the use of CMCs. (1 MY the first year)

XX




2.4 Boron Nitride Fibers/Boron Nitride. To investigate
techniques of producing high-performance boron nitride (BN)
fibers and incorporating them into a dense BN matrix. The
first application would be RV antenna windows, but there will
be others depending on the results. (2 MY)

2.5 Alumina, Silica Fibers/Alumina, Silica. To reinvesti-
gate the fabrication of filament-wound reinforcement in a silica
or alumina matrix for erosion-resistant radome use. The fibers
could be quartz or alumina. This could be a 6.3A project.

(2 MY)

3. Long-Term (>5 years)

3.1 CMC Fabrication Techniques. To investigate the utility
of innovative CMC fabrication methods. This would include a
more thorough look at flame spraying, plasma spraying, chemical
vapor deposition, explosive forming, etc. Expertise exists in
the country for each of these methods (albeit for other uses).
(3 My)

The supplemental estimated required resources are 13 man-
years, so that the total resources for Option II are 29 man-
years for the first year.

If the DoD decides that the military applications described
above are needed, then the recommendation is made that the DoD
consider and implement one of the two suggested options.

xxi
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I. TASK DEFINITION AND APPROACH

In December 1976, the Assistant Director for Engineering
Technology, ODDR&E, requested IDA to conduct a study of ceramic-
matrix composite (CMC) technology for the purpose of assessing
(1) the potential usefulness of such materials to DoD systems,
(2) the present scientific and engineering state of affairs for
such materials, (3) whether the DoD should contemplate new proj-
ects for such materials in its future Materials and Structures
Technology Base programs, and, if so, (4) what should be the
technical nature and direction of such projects.

Approximately nine man-months were devoted to this task,
including IDA personnel and consultants. The scope of the ef-
fort was limited to materials meant for structural applications
where the component had to withstand applied thermomechanical
stresses without deleterious damage. There are, of course,
many cases where the usefulness of the material i1s also limited
by other than its mechanical properties. An obvious example is
the seeker dome for missile radar or infrared acquisition and
guidance systems where the material must have the appropriate
electromagnetic properties. Such requirements, however, form
an initial screening process for allowable materials; following
this, in order to be useful, one must be able to choose and
fabricate candidate materials that will also withstand the
structural environment. It is this latter problem which is
considered in the present paper.

It is appropriate to define what is meant by a ceramic-
matrix composite. As used herein, the term refers to a material
with a continuous homogeneous ceramic phase, reinforced with a
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second (or more than one) phase that may or may not be contin-
uous. The second phase(s) may be either particulate or fibrous
and may be either ceramic or metallic. Some semantic confusion
could arise, if the second phase 1s both metallic and continuous
(e.g., continuous metal wires), as to what constitutes the
"matrix" and what constitutes the "second phase." This question
is usually resolvable by the relative amount of the phases and
will not normally constitute a problem; however, it may on occa-
sion, especially in the context of a "cermet." The term, cermet
(a shorthand form of ceramic and metal), was coined sometime in
about the 1950s to denote a material combination of a ceramic
and a metal which would result in a marriage of the most de-
sirable properties of  each. Despite a great deal of R&D effort,
the concept was rarely successful and usually resulted in a com-
bination of the least desirable properties of each. Looking
back on this work, from a present-day vantage point, 1t can be
argued that the problem was less in the concept than in the un-
sophisticated approaches used to try to implement the concept.
Nonetheless, there was at least one successful cermet applica-
tion in the metal-bonded carbide cutting tool where a discon-
tinuous majority phase (e.g., tungsten carbide particles) is
bonded together by a continuous minority phase (e.g., a cobalt
alloy). Such a material is not, by the above definition, a
ceramic-matrix composite, but 1t is somewhat awkward to call it
a metal-matrix composite as there 1s such a small amount of
metal (perhaps 5-10 volume percent). This may be a unique case
and the semantic problem will not be belabored any longer. It
only indicates that the scope of the present study is necessarily
somewhat arbitrary.

The class of carbon-carbon composites will not be considered
herein. Although falling within our definition and of signifi-
cant DoD importance, their military applications largely fall in
the areas of reentry vehicles and rocket nozzles that have been
analyzed and assessed in a previous IDA paper (Ref. 1). For
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similar reasons, little will be said about erosion-resistant
composites meant largely for nosetips of ballistic missile
reentry vehicles.

Because of the relatively small amount of IDA effort asso-
cliated with this task and because there is so little ongoing
DoD R&D in the ceramic-matrix composite area, the major approach

to accomplish the objectives of the study was to utilize, as
much as possible, the expertise of the entire U.S. technical
ceramlcs community.

First, questionnaires were sent to a selected list of over
300 individuals Jjudged to be especially experienced in the metal-
lurgy, physics, chemistry, and applications of high-performance
ceramics. The questionnaire specifically requested the recip-
ient's opinions as to applications, state of technology, and

promising lines of future endeavor. About 100 useful replies

A

were obtained, many of the rest responding that they had not

considered the problem enough to indicate opinions. The useful
responses represented a totality of about 1200 man-years of
technical ceramics experience and enabled a good "first cut" at
defining the problem.

The second step was to assemble a two-day workshop of a
small number of specialists to explore ceramic-matrix composites
in greater depth. This workshop was held at IDA on 8-9 September i

1977 and was attended by about 15 individuals, chosen because of
their personal involvement in ceramic-matrix composites. The
representation included government, university, and industry.
Because of the exploratory nature of the subjJect matter, par-
ticipants were asked not to prepare formal papers, but to intro-
duce their topic by a short talk and then lead the discussion.

b b e A B SRR S 38 9
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In order to summarize the results of the workshop, three of the
attendees (plus the authors) convened a separate half-day meet-
ing in a free discussion (which was taped) to try to summarize
the information acquired. Although better in some respects than
others, this technique of an intensive workshop plus an immediate
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summarization worked well. The authors, of course, still had the
Job of condensing the ideas and approaches into a coherent recom-
mended DoD preliminary program plan.

One weakness, by hindsight, of the workshop methodology
used by the authors was the relative deemphasis of the materials/
systems design interaction. This was purposely done because it
was 1nitially thought that the basic technology was sufficiently
lacking to render such an applications effort unimportant in
anything like detail. While this is still probably true for
high-temperature uses, it does not seem to be true for some

medium-temperature applications where detailed cost-benefit
analyses should be carried out in the immediate future.




II. OVERVIEW OF TECHNOLOGY

A. CERAMIC STRUCTURAL MATERIALS

Before discussing the area of composites, it is worthwhile
to review briefly, for the nonspecialized reader, the technology
of ceramic materials, in general, and where 1t is of interest to
DoD systems. Only structural applications are considered. More
detailed background information may be found in Ref. 2.

A ceramic is usually defined as an inorganic refractory non-
metallic material in order to delineate it from the classes of
polymeric plastics and of metal alloys, and from solid salts and
other (inherently low-temperature) inorganic materials (such as
sulfur). While the dividing line is frequently fuzzy (for ex-
ample, graphite is the only elemental material considered to be
a ceramic, but boron and silicon, both inorganic nonmetals,
have respectably high melting points and their classification
is certainly moot), this definition will serve for present pur-
poses.

Some of the positive properties of selected ceramics that
make them of interest for structural uses are discussed below.

1. Retention of Strength to High Temperatures

Most ceramics have essentially an identical yleld strength
and tensile strength; unlike most metals, the yield strength
does not usually decrease very much until very high temperatures
are reached and so the ceramic will usually maintain a high
tensile strength to higher temperature than will a metal. Since
many of the interesting structural ceramics have a low density
(relative to high-temperature metal alloys), such materials often
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show a marked superiority to metals in the high-temperature
strength-to-welght ratio. Filgure 1 1llustrates this. The top
figure shows typical values for some superalloys and refractory
metal alloys (shown by trade names whose explanation is not rel-
evant here, except to say they are representative of the com-
mercially best available) while the bottom figure shows values
for a few lightweight ceramics. The strength/weight ratio
parameter 1s important in any structure where weight 1is a vital
factor and, as seen in Fig. 1, the ceramics tend to show up
better above about 800°C (1472°F). Ceramics also usually have
a lower rate of creep (the tendency to distort with time at a
constant applied stress) than metals at any given temperature.

2. Stiffness and Hardness

Most all ceramics have elastic moduli which are generally
high by comparison with metals. Such stiffness 1s important in
enhancing the dimensional stability and resistance to buckling
of any structural member. From a dynamic stability standpoint,
sensitivity to lower frequency modes of vibration is also re-
duced. Taken by itself, the importance of a high elastic mod-
ulus can be great. The reader may recall that a prime justifi-

cation for the boron or graphite fiber-reinforced epoxy com-
posites was the high stiffness-to-welght ratio obtainable. High
hardness 1s a well-recognized property of ceramics and 1is exem-
plified in the widespread use of carbides and oxides for cutting
and forming tools. From a structural standpoint, a mafbr value
of high hardness i1s the ability of the material to resist damage
by an erosive environment such as might occur on a missile nose

when traveling through rain.

3. Corrosion Resistance

As a general rule, ceramics can be selected (depending on
the type of environment) that are much more resistant to cor-
rosion, at high temperatures, than are metals. As an example,
oxides (almost by definition) are fairly well immune to an
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; oxygen atmosphere at all useful temperatures (except, of course,
when electronic properties are important). As a class, oxides
are susceptible to water vapor attack (e.g., beryllium oxide
begins a significant reaction, at close to 1000°C, to form a
beryllium hydroxide vapor), but some oxides (e.g., aluminum
oxide) are much better than others, and all are usually better
than metals. Refractory metal carbides (and graphite) are poor
in an oxidizing environment, but the classes of refractory metal
borides, beryllides, and slilicides are good at high temperatures.
The oxidation resistance of silicon carbide and silicon nitride
is also outstanding, for materials of theilr type, at tempera-
tures above about 1100°C. The reader is cautioned that one
reason these classes of nonoxides are oxidation-resistant 1s
that mixed-metal oxide coatings (particularly of silicon) are
formed; such coatings are not necessarily impervious, and prob-
Iems can arise.

It will be noted that the very refractoriness, itself, of
the ceramics is not specifically mentioned as an attribute.
: The highest temperature solid known is a mixture of hafnium
carbide and tantalum carbide with an estimated melting point
of around 4200°C (7600°F). Yet such a material cannot normally
be used anywhere near this temperature for most applications
(poor oxidation resistance is one reason). The mere existence
of a material in the solid state (although obviously necessary)
is not a sufficient reason for it to have a useful application.
As a matter of fact, aside from certain transient cases such
as rocket nozzles and reentry vehicles, 1t is difficult to
think of DoD applications where such super-high-temperature
materials would be necessary.

Two of the negative aspect of ceramics that have impeded
their more general structural use are gilven below.

1. Brittleness. Perhaps better defined as lack of tough-
ness, this property is common to all ceramics. It is the in-
herent other-side-of-the-coin of the high-yield strength and

8




creep resistance. The strong, highly directional interatomic
bonding and the complex crystal structure of ceramics simply do
not permit enough of the short-time lattice plastic flow needed
to blunt and stop crack growth under stress from being cata-
strophic. There 1s, of course, some resistance to crack prop-
agation, one factor of which is frequently called fracture
surface energy (this is something of a misnomer, but it is in
common use to describe a parameter which includes the crack
surface energy). An overall parameter frequently used to des-
cribe the tendency of a crack to increase in length under a
given stress is called the stress intensity factor (usually
labelled KIC) which is proportional to vEY where E is the
elastic modulus and y is the fracture surface energy referred
to above. The larger KIC is, the better from a toughness stand-
point. The KIC of even the best (i.e., toughest) ceramic
sultable for structural use is a factor of two or three lower
than that of a brittle metal alloy. The value for typical
refractory oxide would be a factor of ten lower. As a rule,
all structural materials have built-in cracks and flaws, due

to the fabrication process. For a given applied tensile stress
(whether mechanical or thermal), it can be shown that the crit-
ical crack length (i.e., a crack which, if any longer, would
propagate through the material and cause fracture) is propor-

tional to the square of K It follows that for a structural

component designed to witigtand a given stress, cracks in a
ceramic of the order of 10 to 100 times smaller than those in

a metal must be detected by nondestructive testing before the
component can be judged as safe to use. In absolute terms, this
can mean that flaws of the order of 10 microns in size must be
detected and classified, which is a difficult task for the
exlisting technology of nondestructive evaluation. 1In addition,
there is the problem that subecritical crack sizes can still

grow under the proper conditions of thermal or mechanical
cycling. This phenomenon is somewhat similar to fatigue in

metals, although it 1s not completely understood.
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In general, it can be stated that the difficulties of
designing with inherently brittle materials i1s the most critical
barrier to taking advantage of the otherwise desirable proper-
ties of ceramics.

2. Fabrication and Quality Control. With the exception
of glassy materials, most ceramics are formed by mixing the

powder (usually with a binder), pressing or extruding, cal-
cining (which eliminates the binder) and finally firing at a
high temperature such that the particles sinter together to make
a monolithic body. Frequently, sintering aids (in the form of
deliberate impurities) are added to the powder to obtain high
densities. Another way of aiding the sintering is to start
with very fine powders. Unless the chemical composition is
such that a colloid-gel can be used, thls usually means mech-
anical milling of the powder before mixing and pressing. Thus,
it can be seen that there are difficult problems in maintaining
uniformity, porosity, microstructure, and purity in a typical
fabrication facility. Aside from this, unless the processor
chemically forms his own powder starting material, there is

the problem of determining purity of the vendor's powders.
While this acceptance analysis can be, and usually 1s, done
routinely for cation (metallic) impurities, i1t is not as

easily done for many anion impurities. One of the authors

has encountered a situatlion where two seemingly identical
batches of beryllium oxide powder produced very different
densities of the end-product under the same processing condi-
tions. The apparent culprit turned out to be a difference in
the amount of sulfate ion impurity which was not initially
ch..cked. One additional problem 1s that a large shrinkage
occurs during firing of any ceramic formed by the above tech-
niques. This 1is controllable provided every other aspect of
the process (e.g., purity, temperatures, etc.) 1is very precisely
controlled, which normally they are not, nor probably can they
be.
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One method used to alleviate some of the difficulties,
particularly the shrinkage problem, 1s to press at high temp-
eratures. Thils is costly but can result in a dense pilece
processed nearly to net shape, and the cost may be worth it.
Hot-pressing certainly does not solve all the problems, but 1is
probably the best technique in normal use. Nonetheless, 1in
any high-temperature sintering process, it 1is difficult to
avoid contamination and, what may be equally important, diffi-
cult to keep impuritiles from agglomerating and forming unwanted
local phases. Aside from other effects, such inhomogeneities
would generally have a different expansion than the bulk mate-
rial, which could tend (on cooling down the specimen) to form
internal flaws. These fabrication difficulties have not been
particularly serious in the past, since by far the overwhelming
bulk of usage of ceramics has been for nonstructurally critical
applications. Improvement of processing and forming techniques
must be an integral part of any planning to use ceramics as
critical structural members.

B. TYPES OF CERAMIC STRUCTURAL APPLICATIONS

Continuing the background discussion of ceramics, it is
worthwhile to indicate briefly the types of structural appli-
cations that are presently of interest to the DoD. These are
listed below for the orientation of the reader and most are
considered more deeply in Section II-D and in Chapter V specif-
ically devoted to composite applications.

1. Internal combustion engines
Open~-cycle gas turbine components
Diesel engine components
2. External combustion engines
Closed-Brayton-cycle heat exchangers
3. Rocket motor nozzle components
4, Ballistic reentry vehicle thermal protection system
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5. Electromagnetic windows

Radomes and infrared domes

Reentry vehicle antennas
. Magnetohydrodynamic generator components
Rolling and sliding high-speed bearings and seals
Battlefield and aircraft armor

O 0 N O

Inserts for gun barrels

10. Dental and orthopaedic implants

11. Roads, runways, and structures (largely concrete)
12. Shipboard incinerators

The materials criteria for some of these applications vary
depending on required conditions (engines, for example, cover
a broad range of uses). There are applications of particular
interest to other agencles than the DoD, which are not included
above. Two examples are energy storage (e.g., flywheels) and
controlled-fusion power-plant components.

C. CERAMIC-MATRIX COMPOSITES TECHNOLOGY BACKGROUND

In Section A, it was pointed out that the inherent brittle-
ness of ceramics is a major stumbling block for their use in
engineering applications where tensile stress must be accepted
and where a highly reliable structural element must be achleved.
It was also shown that, while in principle monolithic ceramic
bodies could be built to overcome this problem, the require-
ments for flaw sizes were so stringent as to make them diffi-
cult to detect, let alone to achieve in fabrication. If, then,
ceramics are to be used in such applications, it would appear
that the designer must accept a probabllistic mode of failure;
that 1s, even after a reasonable level of quality control, he
willl only know that "this plece has a 90% chance of withstand-
ing 50,000 psi tensile stresses," not that "this plece will
withstand 50,000 psi tensile stress." In many cases this will
be satisfactory, but also in many it will not. It would be
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One method used to alleviate some of the difficulties,
particularly the shrinkage problem, is to press at high temp-
eratures. Thls is costly but can result in a dense piece
processed nearly to net shape, and the cost may be worth it.
Hot-pressing certainly does not solve all the problems, but is
probably the best technique in normal use. Nonetheless, in
any high-temperature sintering process, it 1is difficult to
avoid contamination and, what may be equally important, diffi-
cult to keep impurities from agglomerating and forming unwanted
local phases. Aside from other effects, such inhomogeneities
would generally have a different expansion than the bulk mate-
rial, which could tend (on cooling down the specimen) to form
Internal flaws. These fabrication difficulties have not been
particularly serious in the past, since by far the overwhelming
bulk of usage of ceramics has been for nonstructurally critical
applications. Improvement of processing and forming techniques
must be an integral part of any planning to use ceramics as
critical structural members.

B. TYPES OF CERAMIC STRUCTURAL APPLICATIONS

Continuing the background discussion of ceramics, it is
worthwhile to indicate briefly the types of structural appli-
cations that are presently of interest to the DoD. These are
listed below for the orientation of the reader and most are
considered more deeply in Section II-D and in Chapter V specif-
ically devoted to composite applications.

1. Internal combustion engines
Open-cycle gas turbine components
Diesel engine components
2. External combustion engines
Closed-Brayton-cycle heat exchangers
3. Rocket motor nozzle components
4, Ballistic reentry vehicle thermal protection system
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Reentry vehicle antennas
Magnetohydrodynamic generator components
Rolling and sliding high-speed bearings and seals
Battlefield and ailrcraft armor
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10. Dental and orthopaedic implants

11. Roads, runways, and structures (largely concrete)
12. Shipboard incinerators

The materials criteria for some of these applications vary
depending on required conditions (engines, for example, cover
a broad range of uses). There are applications of particular
interest to other agencies than the DoD, which are not included
above. Two examples are energy storage (e.g., flywheels) and
controlled-fusion power-plant components.

C. CERAMIC-MATRIX COMPOSITES TECHNOLOGY BACKGROUND

In Section A, it was pointed out that the inherent brittle-
ness of ceramics is a major stumbling block for their use in
engineering applications where tensile stress must be accepted
and where a highly reliable structural element must be achieved.
It was also shown that, while in principle monolithic ceramic
bodies could be built to overcome this problem, the require-
ments for flaw sizes were so stringent as to make them diffi-
cult to detect, let alone to achieve in fabrication. If, then,
ceramics are to be used in such applications, it would appear
that the designer must accept a probabilistic mode of failure;
that 1s, even after a reasonable level of quality control, he
wil. only know that "this plece has a 90% chance of withstand-
ing 50,000 psi tensile stresses," not that "this pilece will
withstand 50,000 psi tensile stress." In many cases this will
be satisfactory, but also in many it will not. It would be
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obviously desirable if some way could be devised to make cera-

mics more forgiving or, to put it another way, have greater
"toughness."

The only presently known methods of doing this, approaching
or achieving practicality, is to introduce cohesive elements
or barriers to crack propagation, in the form of discrete par- i
ticles or fibers, into the ceramic materials. In other words,
one can form a ceramic-matrix composite. A well-known example
1s the use of steel reinforcing bars in concrete. Rebars
partly prevent cracks from spreading, but they also take up
tensile stresses when the concrete has cracked and allow the
rest of the concrete structure to withstand compressive loading
(for which it is well suited). Attempts to do this 1n more
typical ceramic bodies have met with mixed success. More often
than not, an increased toughness was accompanied by a decrease
in tensile stress. This is indicated in Fig. 2, which shows
the result of British work incorporating chopped fibers into
various ceramic bodies. The chart on the left side shows that
’ the fracture surface energy (a measure of toughness) increases
E modestly to tremendously as fibers are added, although for most
matrices there is a maximum fiber volume which can be tolerated.
However, the chart on the right side shows that the relative
strength of most of the same materials decreases markedly. An i

exception appears to be aligned carbon-fiber-reinforced glass, i
which evidently continues to get both tougher and stronger as IH
the fiber volume is increased. It should be mentlioned that the |
tensile strength was only measured in the direction of align- !
ment; presumably in the other directions, its strength would i
also decrease. Nonetheless, as will be brought out later, fiber-
reinforced glasses appear to be a very interesting class of
materials, whose applications may be relatively short-term,

although the technological reasons for their good properties

are not yet entirely clear.
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\ Another 1llustration of the mixed blessings observed in
early composite work 1s shown in Fig. 3. This shows the moduli
of rupture (the breaking strength of a bar specimen under three-
point loading) of aluminum oxide with various amounts of chopped
molybdenum wires. The modulus is plotted against the number
of thermal cycles from 2200°F to room temperature and it thus
shows the effects of continued cracking tendencies on the
strength, not just a single-temperature one-shot test. Note
that pure alumina* essentially falls apart after two cycles,
but the composite maintains a strength as far as the tests were
carried out. However, similarly to the case of Fig. 2, the
initial strength of the composite i1s appreciably lower than
that of the matrix alone. This is at least partly due to the
inadvertent increase in porosity as the fibers are introduced.
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FIGURE 3. Modulus of Rupture as a Function of
Thermal Cycling for the Alumina-
Molybdenum Fiber System (Ref. 3)

¥
Alumina is common shorthand for aluminum oxide, as 1s beryllia, &
magnesia, etc., for the oxide of the indicated metal. ;_
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The task of establishing the present technical state of
affairs of ceramic-matrix composites was made easier by the

existence of two excellent reviews: one was published by
Krochmal (Ref. 5) about 10 years ago and the other by Donald
and McMillan (Ref. 3) about one year ago. Both contain thorough

references of work up to thelr times of appearance, and Krochmal
gives a good compilation of phase equilibrium data. It is of
interest to quote from each reviewer some of the more pertinent

and technically broad concluéions.

Krochmal (1967)

",..despite a number of virtues of fiber
reinforced ceramics, the present technology has
been unable to capitalize on this approach to
achleve more thermally shock resistant ceramics
having predictable mechanical integrity. This
[stems] from several factors, the most important
beling thermo-chemical interaction, cracking, and
reinforcement oxidation.

"Low temperature processing as well as the
use of coated filaments are 1indicated as potential
F solutions.... [There is a)] need for studies of

the micromechanics of reinforced ceramics [and

f of] subsolidus kinetics in some systems....
Filaments of chromium and transition metal borides
and beryllides, all of which are presently
unavailable, are noted as offering potential
solutions [to the reinforcement oxidation problem]."

Donald and McMillan (1976)

", ..lncreases in energy of fracture may be
obtained for particle reinforcement if the frac-
ture toughness of the dispersed phase 1s greater
than that of the matrix and strong bonding exists,
[and] crack deflection ...can marginally improve
energy of fracture; however, in all instances, the
increase 1s less than an order of magnitude and
hence of questionable significance.

"Suitable fibre reinforcement can provide
large increases in strength approaching an order
of magnitude, and increases in energy of fracture
may approach three or four orders of magnitude.
(Authors' note--evidently they refer here to
glass matrices. ]
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"Continuous brittle-fibre systems (i.e.,
carbon and silicon carbide fibres) have provided
the most successful composites in terms of strength
and toughness at ambient temperatures but they are
of little practical value for extended elevated

temperature use. [Authors' note--tiie negative
comment by D&M is due to the situation that the
earbon filaments may readily oxidize above about
400°C, owing either to matrix porosity or crack-
ing, and that the silicon carbide fibers prepared
on a tungsten substrate will show thermal degrada-
tion above about 850°C. While both statements
were true of the earlier work, recent develop-
ments in silicon carbide fiber technology and
graphite fiber coatings indicate that these
diffiﬁulties may be partially or totally over-
come.

"For high fracture energy values with brittle
fibres, pull-out effects are essential [Authors'
note--pull-out refers to the actual breaking of
surface bonds and the physical pulling of fibers
through part of the matrix as a cerack spreads],
but rupture [or plastic deformation] of ductile
fibres can lead to a high energy of fracture
without the necessity for pull-out.

"...[chopped] brittle fibres yield only
a small increment in energy of fracture whilst
ductile fibers can provide large increments.

"...[there are uncertainties] of the in situ
value of the fibre strength and, in the case of
discontinuous reinforcement, ...of the effect of
misaligned fibres as stress-concentration sites.

"Fibre reinforcement, particularly with
ductile fibres, generally improves the resist-
ance of a ceramic to thermal shock, but matrix
microcracking may be initiated.

"The potential of fibre-reinforced ceramics
is high, but only if several important aspects...
are fully evaluated, can they be seriously con-
sidered as useful structural materials. [These
aspects are:]

(1) dynamic and static fatigue resistance;
(11) 4impact resistance;
(111) thermal shock and thermal fatigue
resistance;
(1v) 1long-term thermal stability;
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(v) the effect of progressive matrix
microcracking on these properties,
and the effect of the environmental
: conditions and specimen size and shape."

As far as applications are concerned, Donald and McMillan
have this comment:

"At the present time [ca 1975-1976], fibre-
reinforced glasses and ceramics have not provided
viable alternatives to more conventional metallic
materials, and much more work is required if such
materials are ever to become acceptable replacements.
However, their range of potential applications
is extremely diverse and hence the incentive for
further investigation is high."

Note the recurrence of statements to the effect that ductile
(metallic) reinforcement is especially good in increasing the
impact ‘resistance and toughness of ceramic matrices, but that
the oxidation problem greatly restricts the range of applica- ]
tions. Unfortunately, the latter problem is still with us.
In 1966, Miller, Singleton and Wallace (Ref. 6) state:
"The poor oxidation resistance exhibited
by the composites casts doubt on the future of
metal fiber reinforced ceramics at elevated tem-

peratures particularly for use as Jjet engilne
components."

In 1976, Brennan (Ref. 7; also see Appendix A, Sections 1 and
5) states, in part:
"One of the problems connected with the

use of refracteory metal wire...in a ceramic

matrix composite...in an oxidizing environment

[1if a] crack develops [is that] catastrophic

oxidation of the wire soon occurs."
Attempts were made to silicide the tantalum fibers used by
Brennan. The coating was highly successful in preventing
oxidation of the free wires, but had little effect in preventing
their oxidation when incorporated into the ceramic composite
(the reasons for this are not clear). For most of the high-
temperature DOD application areas, there seems to be very little
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encouragement for serious consideration of metal wire re-
inforced ceramics.

It 1s interesting to note that, even though ten years
apart, both of the reviewers cited were 1in agreement that cera-
mic-matrix composites were not yet ready for use, at least in
the more advanced structural applications, at the time theilr
papers were written. By the time of Donald and McMillan (1976),
the data information base had grown to the extent that they
were able to delineate guidelines as to what the relatilve
matrix and reinforcement properties should be. Since then the
basic understanding has been further increased, especially by
the work of the Naval Research Laboratory group (see Appendix A,
Section 7), and there are now some areas where applications
development efforts might bear fruit.

D. EXAMPLES OF POTENTIAL CMC APPLICATIONS

Section B above lists 12 potential application areas for
ceramic structural use. It 1s worthwhile to briefly discuss a
few of these from the viewpoint of ceramic-matrix composites.
This is not intended to exhaust the 1list, but only to 1lndicate
some that appear to deserve fairly imminent attention.

1. Internal Combustion Engines

For reciprocating engines, the closest application 1is the
diesel power plant as far as ceramics are concerned. R&D work,
partially supported by the DoD, 1s 1n progress to exploit re-
fractory, thermally insulating materials to such a degree that
the conventional cooling system demands are elther strongly
alleviated or even totally eliminated. If this can be done,
the operational advantages are obviously great. For example,
it is presently estimated that almost 50% of the road mainten-
ance problems assoclated with diesel-powered trucks are caused
by the cooling system.




For open-cycle gas turbine use, of course, there are sub-
stantial (about $3-5 million) efforts under way by DARPA to use
silicon nitride and/or carbide materials as both stators and
rotors. The program has had a limited success, but performance
of test engines has been marginal because (among other things)
of thermal stress, impact, and vibrational problems. The tur-
bine inlet temperature has been downgraded to 2250°F (from
2500°F) for the Navy demonstrator engine. While there is a
strong interest in the crulse missile application, no manned-
aircraft uses are being contemplated, largely because of the
inherently probabilistic mode of fallure of the key ceramic
parts.

For both these engine types, the ability to use an inherent
"tough" ceramic would greatly enhance the probabilities of
successful performance (i.e., performance where the full use
of the ceramic advantages over metals can be utilized). As
one specific example, rotor blade failures in the turbine
demonstrator program have been ascribed (in a preliminary way)
to vibrations considered excessive due to the very low internal
damping characteristic of the ceramic. Compositing, in general,
will add appreciable damping to such a material.

2. Closed-Brayton-Cycle Engines

Under ONR contract, feasibllity studies are being carried
out on compact lightwelight closed-Brayton systems for ship pro-
pulsion. In such an englne, using an inert gas working fluid,
the critical item from weight, volume, temperature, and corrosion
standpoints 1s the heat source, and specifically the heat exchange
system which sees the combustion products from a fossil fuel
burner on one side and the inert gas on the other. One result
of the study, done for a 40,000-hp engine, is that the specific
welight of the power plant (in 1lb/hp) would be reduced by a fac-
tor of ten by using a ceramic heat exchanger operating with a
hot-spot temperature of 2500°F. This would represent a quantum
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Jump in heat source technology, and make such engines look
extremely attractive for shipboard use. Time between major
overhauls for any such heat source would have to be several
tens of thousands of hours. If the ceramic 1s silicon carbide
or nitride, the apparent initial choices, there has to be a
great concern about oxidation effects. Neither material has
been tested for more than about 100 hours, and several people
in the IDA workshop expressed concern about any long-term usage
of these materials in an oxidizing atmosphere. At least some
of the oxides would appear more satisfactory from this stand-
point, but thermal stress problems then become more severe.

An oxlde matrix composite 1s an obvious choice, if within
feasibility. Very likely, in order to preserve mechanical
integrity, even silicon carbide would have to be reinforced.

3. Bearings

Ceramics, particularly silicon nitride, have made excellent
roller and ball bearing materials, both with metal and with
ceramic races. However, when they do break under load, they
behave like typical ceramics and shatter catastrophically. If
relatively inexpensive processing techniques can be developed
for compositing such components, the feasibility of taking
advantage of ceramic bearings might be enhanced.

4. Shipboard Incinerators

Multifunctional shipboard incinerators (MSI) would at
first sight seem like mundane systems without significant
problems. This does not appear to be the case.* An MSI com-
bines the functions of a solid-waste incinerator, a freshwater
sewage 1ncinerator, and a saltwater sewage incinerator. It
must be comparatively light and small (<10,000 pounds and to

-
The authors are indebted to W.L. Wheatfall of DTSRDC, Annapolis,
for supplying them with MSI information. MSI 1s an ongoing
Navy 6.3 program. See also Ref. 8.
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| fit into a 12'x12'x8' space), have burn-time reliability for

. 10,000 hours between major overhauls and 1150 continuous hours
without failure, withstand temperatures up to 2000°F in an
extremely corrosive atmosphere, and withstand shock and vibra-
tion. If weight and size were not limiting, brute force re-
fractory ceramic lining concepts could probably be used to
satisfy the other requirements. Because of these limitations,
however, the refractory liner is proving to be a significant
R&D problem. This is a case where ceramic composite technology
could be beneficially applied for a near-term problem.
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ITI. SUMMARY OF RESPONSES TO THE IDA
CERAMIC-MATRIX COMPOSITES SURVEY*

A. APPLICATIONS FOR CMC

The many suggested applications for ceramic-matrix composites
(CMC), offered by the group of respondents,** were either founded
upon (a) experience, (b) informed judgment, or (c) reasoned
imagination. These potential uses may be classified, first, on
an arbitrary basis of temperature of service; for example

1. near atmospheric temperature
2. about 100-700°C
3. above 700°C.

A second possible classification would divide the applica-
tions into those of potential value to the Department of Defense,
and those of value to others. Because the needs <f the DoD are
so broad however, it does not appear fruitful to make that
division at this time.

1. For Service Near Atmospheric Temperature

Suggested mechanical uses included roads, runways for air-
craft (Duckworth, Hillig), tools and tooling (Baker, Diness,
Richman), cutting tools (Whalen), and flywheels (Kupperman).

As replacements for missing parts of the human anatomy, one
notes the proposed use of CMC for prostheses (DeVries), and for
dental and orthopaedic implants (Pollack). Brown suggested

¥
Appendix C contains the questions used in the survey of the
CMC Workshop.

%
Respondents are listed in Appendix B in alphabetical order.
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structural beams of wire-reinforced concrete. Beck thought of
the potential virtue of CMC in hydrospace vehicles. Proposed
applications with chemical overtones were as conveyor pipe for
particulate or corrosive materials (Wirtz), as electrolyte in

the sodium-sulfur battery (Stoddard), and as nozzles for chemical
lasers (Stoddard).

Several envisioned uses of CMC were all akin because of
thelr common relationship to electromagnetic radiation: window
glass with metallic reinforcements (Chu, Brown, Ordway), antenna
windows (Beasley, Diness), infrared transmitters of good
strength (Wang), antimissile missiles (Richman), laser-proof
aircraft (Baker), and laser-hard radomes (Bersch), or domes,
in general (Beasley, Diness, Phillips, Rice, Steinberg).
Tressler suggested rigidized fibrous insulation.

Suggestions for the battlefield were for armor (Baker,
Cline, Davidson, Hillig, Kupperman), kinetic-energy penetrators
or armor (Davidson, Richman), and antipersonnel fragmentation
devices (Richman).

2. For Service About 100-700°¢C

Assignment of proposed applications to this roughly limited
range of temperature is inevitably imprecise. Seemingly appro-
priate are bearings (DeVries), bearing surfaces (Herman, Kroch-
mal), parts of piston engirnes (Hillig),* diesel components
(Bortz), and Stirling engine heater-head tubes (Probst). High-
temperature reinforced concrete (Wachtman) belongs here. Then
come low-temperature burners (Doremus, Probst), flame arresters
for rocket-boosted ramjets (Davidson), and environmental pro-
tection for coal-conversion reactors (Beasley). To these, one
adds heat exchangers (Carpenter, Chaklader, Diness), high-

¥
In the mid-1960s, David Godfrey built a working lawn-mower
engine with major components of silicon nitride. =HMD
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temperature insulators (Davidson), aerospace vehicles (Beck),
and high-temperature gas-cooled reactors (Chaklader).

3. For Service Above 700°C

Suggested applications for this demanding zone included
containers for the processing of materials (Doremus), hot dies
for refractory metals (Chapman), plate filters for combustion
gas (Paquette), components for magnetohydrodynamic generators
(Bradt, Chapman, Rice, Stoddard, Wachtman), furnace materials,
furnace furniture, and crucibles (Doremus, Duckworth, McGee
Phillips), and coal gasifiers, other high-temperature reactors
(Wachtman), and gas-turbine combustors. Most often named were
turbine components, their rotors, stators, and seals included
(Bradt, Brennan, Bortz, Chaklader, Cline, Conrad, Diness,
Doremus, Hillig, Krochmal, Lynch, McLean, Paquette, Prewo,
Probst, Richman, Sato, van Reuth, Warren, Whalen, Wirtz).
Rocket nozzles, and other hot nozzles, were also frequently
cited (Ahmad, Carpenter, Cline, Davidson, Diness, Duckworth,
Lynch, Wirtz). The potential value of CMC for aerospace was
indicated by their suggested use in hypersonic vehicles (Baker,
Krochmal), and in reentry surfaces; i.e., nose cones, leading
edges, etc. (Beasley, Davidson, Duckworth, Kupperman, Lynch,
Steinberg, Wirtz). Herman foresaw a probable role for CMC 1in
the awaited technology of controlled thermonuclear reactions.

B. SUGGESTED MATERIALS COMBINATIONS

Respondents to the questionnaire suggested many combinations
of materials which they thought worthy of investigation as
possible ceramic-matrix composites. It 1s notable that the
list contains remarkably few duplications, a fact that may well
reflect a widespread uncertainty of knowledge of the field;
until limitations are established through research, many of the
systems offered in such a 1list will exhibit the influence of
speculation.
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Matrix

Aluminous Cement

Ca0

LaCrO3

Ce02
Gd203
SiOZ

Tho,
uo,
2r0,

Reinforcement

Tio,

Ir0,

Steel

Tool Steels

Stainless Steels
Special Alloys

Nickel

Nichrome

Mo

W

W by directional solidification
A1203—S1'02 Fibers

Cr

Mo

Cr and Pd

Mo

Mo

SiO2 Fibers

A1,05 Fibers (duPont)
W-wire

W by Eutectic Solidification
ZrO2 Fibers

A1203 Fibers

Be0

Nichrome

W by Eutectic Solidification
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Respondent

Herman

Herman, Phillips
Ordway
Chaklader
Chaklader
Chaklader
Chaklader
Morgan, Ordway
Ordway

Ordway

Ahmad

Tressler
Stoddard
Stoddard
Stoddard
Chapman

Chapman

Pepper, Steinberg
Steinberg
Tinklepaugh
Chapman, Wirtz
Lynch

Lynch, Phillips
Cline

Machlin
Chapman




r0
SiC

2

S\'C-Si3N4
HfC
TaC

TiC

WC

ZrC

Graphite

AIN

'ce02'Y

C-Fibers, Siliconized (Si Matrix)
SiC (Si Matrix)

Si, Carburized

Be0

1

Pyrolytic Graphite

Graphite
SiC

513N4

Graphite Fibers

o,
Ni

Mo

Ti, etc.
Ni

Mo

Ti, etc.
Ni

Mo

71, etc.
I,
Nb-C
Ta-C

ZrOz

A1203 and ZrO2

SiC Fibers

Stoddard
Warren

Whalen

Burke, Probst

Cline
Graham
McLean
Pepper
McLean
Pepper
Davidson
Chaklader
Chaklader
Chaklader
Chaklader
Chaklader
Chaklader
Chaklader
Chaklader
Chaklader
Davidson
Hirada
Hirada
Cline
Cline

Graham




Si3N4

§ S1'3N4

"Reaction Bonded"
RSSN

S1ATON

"Glass"

Borosilicate

Glass or Glass-
Ceramic

A1203

BN Fibers
Refractory Metal
Ta Fibers

Ta or W wire
Fibers of SiC on W
Superalloy Wires

Fibrous Si3N4

Fibers made in situ

A1203 Fibers

A1,04

zr0,

Graphite Fibers

SiC Fibers

Wires or Metal Fragments
Fibers of High Elastic Modulus
Mullite Fibers

Steel Fibers

B Fibers
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Diness

Pepper

Pepper

Ahmad, Bersch, Brennan,
McLean, Machlin, Probst
Tressler

Ahmad

Morgan

Diness, Pepper

Burke, Richman

Graham
Pepper
Lynch
Lynch
Bersch
Brennan, Lynch
Unher
Beck
McGee
Siefert
Siefert




In the tabulation that follows, the distinction between
matrix and reinforcement is usually firmly determined; but,
occaslonally, whenever the nature of the materials is such that
one or both of them might well serve in either function, and
the respondent has been less than clear in his presentation,
the analyst's Judgment has necessarily intruded, to that a
measure of uncertainty exists.

Several respondents made general or incomplete specifica-
tion of systems. Their contributions could not properly be
fitted into the above tabulation, but are listed below so that
their possible value may not be lost.

Partially Identified Systems Respondent
Oxide Ceramic with SiC McLean
Ceramic with Graphite Baker
Glass-Matrix Composites Prewo
Aluminum Silicate with Refractory Metal Chu
Metal Carbide with Graphite Davidson
Bonded Diamonds DeVries
Porous Carbide infiltrated by Chemical Vapor Davidson
Deposited (CVD) Metal
Gels, Reinforced, Dehydrated Mueller
Concrete with Glass Fibers Blachere
Tough Stainless Steel in Castable Refractory Smothers
Report: Feasibility of Fiber-Reinforced Ceramics Milewski

Preview (1967) Giving Many Matrix-Fiber Combinations  Krochmal

C. GENERAL TECHNOLOGY

Many of the respondents offered cogent comments about the
technology of ceramic-matrix composites. Although the remarks
range widely in subject, they can be assigned, with at least
passing satisfaction, to one of four categories: (1) Status
of the Field, especially Processing; (2) Strengths, Advantages,

29




Promise; (3) Weaknesses, Disadvantages, Warnings; and (4) Sug-
gested Improvements, Innovations.

1. Status of CMC

Alliegro reported that hot-pressed bauxite, reinforced
with wire or mesh, served well in many situations involving
wear or impact. Bradt thought that the processing of CMCs was
a dominant concern. Chaklader referred to his research paper
of October 1976 in which he told how to make a dense ceramic/
metal body by hot-pressing particles of Al203 that had been
coated with copper, then milled, then coated with nickel. Chu
cited the importance of attention to six physical and chemical
factors (composition, contact angle, interfacial adhesion,
transformation, expansivity, and stress distribution), and to
the principal variants of processing (e.g., atmosphere, diffu-
sion, and rate of heating and cooling).

Cline disclosed his 1970 invention of honeycomb armor, a
honeycomb of thin metal, filled with a ceramic powder, and the
whole hot-pressed into a unitary structure. Pepper discussed
(and Vasilos mentioned) a useful method of fabrication: a
woven preform of the reinforcing fiber is impregnated with a
slurry or a colloid containing the component for the ceramic
matrix, and the body 1s then sintered or hot-pressed into the
final shape. This procedure has been used for silica/silica
and for BN/BN, but a source of inexpensive BN fibers is badly
needed, as is a supply of Si3Nu fibers for a Si3Nu/Si3Nu system.
Phillips thought it feasible to add Al to Zr02, and Zr to A1203,
to fire in hydrogen, then to fire in air to oxidize the metal,
the final product being an oxide-reinforced oxide: A1203 in
Zro

knitted or woven metallic wires might learn from the technology

» and ZrO, in A1,0,. Pincus suggested that those who employ
2 2 e

of glass-reinforced polymers. He pointed out that the use of
a reinforcing metal in a ceramic required mastery of the principles
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of combining unlike materials, for example, the relative
expansivities and the relative elastic moduli. He wondered
whether one might make use of clad metals, of principles that
promote bonding, and of configurational preferences.

Russell, insisting that one should consider composites
involving the more common ceramics--not only the rare and
"exotic" materials, invited attention to ceramics of controlled
porosity impregnated with plastics or metals, and to sintered
ceramic-metal composites.

Tallan reasoned that the purpose of the second phase in a
ceramic matrix should be to impart toughness or resistance to
thermal shock, perhaps through crack arrest, crack branching,
or other mode of absorbing energy.

Warren argued that, although the role of fracture surface
energy in the mechanical behavior of brittle solids had received
only minor direct R&D attention during the DARPA Turbine Program,
improvement in the fracture energy of Si3Nu and SiC was never-
theless accomplished. This improvement was attributable to a
reduction in impurities, and to a decrease 1n grain size through
improved processing. Fibers of carbon or metal in a brittle
matrix also increase the fracture surface energy (e.g., Mo fibers
in A1203, Ta in 313Nu)-

2. Strengths, Advantages, Promise

Bortz emphasized the potential advantages of fiber-strength-
ened ceramics, maintaining (a) that the fibers can carry the
majority of the load, the matrix merely transferring imposed
stress from fiber to fiber; (b) that fibers in a ceramic material
can add toughness and lessen brittle fracture; (c) that, with
low-density matrices, favorable strength~to-welght ratios are
obtainable; (d) that an environment-resistant matrix will protect
the load-bearing fibers; and (e) that, with appropriate design,
the strength, fracture toughness, and brittleness of a CMC can
be matched against requirements.

3%
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Diness saw promise of pullout toughening by fibers in a
3NM in Si3
cited the potential for toughening through stress-induced trans-

ceramic matrix, especially by fibrous Si NM' He also
formation, and through the microworking that attends thermal
cycling.

Both Fine and Firestone thought that castable refractories
reinforced with fibers would offer enhanced strength and resist-
ance to thermal shock.

Morgan pointed out that castable ceramics containing stain-
less steel fibers are in use in furnace roofs. He predicted
that "graded" metal/ceramic structures, which could readily be
made (e.g., by reactive hot-pressing), probably had an important
future in turbines, etc.

3. Weaknesses, Disadvantages, Warnings

Alliegro considered composites "a risky business'" beacuse,
in service, reaction between phases, and interference because
of expansion, would sometimes yield "the worst properties of
the individual members." He therefore held that a composite
ought to be used at temperatures that are well below the temper-
ature of fabrication.

Bortz warned of possible incompatibility of the components
of a composite. He explained the thermodynamic basis for pre-
dicting the compatibility or incompatibility of a paired metal-
lic fiber and a ceramic oxide, and he supplied some relevant
values of free energy of formation.

Cutler, writing of the potential virtues of glass fibers
in the strengthening of building material, stated that the major
problem was to discover an inexpensive matrix that would not
degrade the fibers.

Duga said that a great impediment to progress in the fleld
arose "from an incomplete knowledge of the characteristics of
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the interfaces" in any ceramic/metal system of interest. He
thought not only of the physical, chemical, mechanical, and
structural characteristics, but also of how those interfaces
were formed.

Lynch recognized many problems that make difficult the
development of structural ceramic composites, especially
chemical compatibility, differences in thermal expansion, and
strength-to-weight ratios.

Paquette was impressed by the array of problems presented
by the materials that are considered for use in CMC. Some of
these were shear strength, toughness and impact strength,
creep resistance, resistance to thermal shock, and long-term
durability. He also saw the need for investigation of crack
growth, fiber-matrix interaction, and susceptibility to corrosion/
erosion/oxidation. He wondered whether the job was actually
worth doing.

Pepper dwelt upon gaps in the technology, and upon the
severity of the environment in which certain CMCs might be
expected to serve. He considered the lack of suitable fiber
reinforcement for high-temperature ceramics, such as silicon
nitride, to be critical. He thought that, in particular, a
fiber of silicon nitride exhibiting a high degree of chemical
compatibility with bulk silicon nitride, and also possessing a
matching thermal expansivity, was badly needed for the compo-
nents of the gas turbine. He Jjudged that the environment of
heat exchangers for turbines and closed-cycle engines was
equally demanding.

Like Alliegro, Searcy feared constitutional changes in CMCs
during service, owing to changes in solubility limits with tem-
perature. In thermal cycling, for example, components go in and
out of solution. Even in a steady temperature gradient, the
composition of a single phase may become inhomogeneous.
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Tinklepaugh was dublous about the limitations of ceramic
matrix/ceramic fiber composites "because they are still brittle."

Viechnicki, thinking of CMC grown in situ, concluded that
a principal reason for the minimal activity in the area was that
the gain in improved mechanical properties of such a system did
not justify the difficult technology, that is, high temperature
of melting, unsuitable crucible materials, loss by volatilization
of the melt, great shrinkage with freezing, and faceted growth.
Moreover, the product typically offers unexciting resistance to
thermal shock.

In view of the current practice of industrial design, Warren
looks upon the structural use of CMC as "a last-resort solution."
High-cost, brittleness, poor reproducibility, flaw sensitivity,
and paucity of design data have contributed to the reluctance
of designers to consider ceramics, or CMC, for structural
functions.

4. Suggested Improvements, Innovations

The many suggestions for the improvement of CMC are grouped
under (a) General, or "Strategic," Comment; (b) Fabrication and
Processing; (c) Special Materials; (d) Strengthening, Toughening.

a. General, or "Strategic,” Comment. Bradt advised that
one should be concerned with the fundamentals of structure/
property relationships. In similar veln, Wang maintained that
only full attention to the topology of the component phases

would bring composites into their proper place in engineering.

Courtney, to whom improved fracture toughness was the
limiting need of ceramics, advised the study of (1) CMC with
soft and/or ductile inclusions; (2) ceramic/metal in situ systems
of elther fibrous or lamellar morphology directionally solidified,
and (3) ceramic/ceramic systems directionally solidified im situ.
Hillig likewise recommended the attempt to achieve a desirable
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reinforcement/microstructure through in situ reaction. Hillig
also insisted that attention be given to the perfection, the
stability, and the protection of the interphasal interface,
and to the coupling between matrix and reinforcing phase(s).
Hasselman thought that one could improve resistance to thermal
stress by control of thermal conductivity.

To some respondents, the morphology of the composite was
of surpassing importance. Urban suggested a sandwich of long,
parallel fibers of A12O3 between sheets of Al203, the inter-
stices then being filled with a refractory metal or oxide.
Steinberg, with his mind on the leading edge of the space
shuttle, was inclined to put this trust in any sort of ablating
or subliming structural system made up of a porous bonded-ceramic
structure, impregnated with an organic material which when
heated, would char gassily. McMillan thought that one would do
well to imitate the structure of wood and bone.

b. Fabricating and Processing. A number of respondents
proposed novel modes of fabrication. DeVries wondered whether

a composite might be bullt up as a series of thin-film layers,
possibly eritaxial. Graham, citing the reported preparation

of equiaxed grain structures by chemical vapor deposition (manu-
facturers identified), concluded that CVD was a first-class
candidate among methods for fabrication of CMC. Herman enthu-
siastically advocated the trial of plasma spraying for fabri-
cation. Ordway suggested that a matrix (initially glassy for
ease of fabrication) could be finished as crystalline by subse-
quent devitrification.

McGee proposed the addition of the matrix (presumably, to
a reinforcement already in place) by the casting of a melt, by
chemical infiltration, or even by CVD. With greater detail,
Paquette endorsed fabrication by liquid or gaseous infiltration
or impregnation, but he also saw probable economy in the prep-
aration of ceramic bodies through pyrolysis of organic precursor
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polymers. Probst et al. suggested burying fibers of A1203 in
silicon, then nitriding to produce a reaction-sintered silicon
nitride reinforced by alumina fibers.

Smyth averred that one could cast a fused ceramic refrac-
tory at, say, 2000°C, about reinforcing wires of a refractory
metal, e.g., molybdenum. Wirtz recognized the prosailc cosin-
tering of matrix and reinforcements, but he preferred to pre-
cipitate the reinforcing metal or ceramic from a ceramic matrix
or, "more elegantly," to deposit both phases by eutectic solidi-
fication of an appropriate melt.

Confining his attention to ceramic/metal composites, Chak-
lader recommended coating the ceramic particles with metal
before the unifying step of sintering or hot-pressing. He had
found that energetic milling of the ceramic particles before
fabrication was beneficial. He also thought that thermite
reactions could be adapted to the deposition of the reinforcing
metal, and to the fabrication of the composite body.

Quite alone in his assumption of the general viewpoint of
management, Duga advised that, after development, the leap from
laboratory to production must be attended by confidence in the §
testing methods employed for quality control. In other words, ;
successful production must be guided by quality control which,
in turn, rests upon reliable testing.

c. Special Materials. Wang thought that the effective
infrared transmitter, Ag3AsS3, which 1s mechanically weak, might

become valuable 1if built into a composite with a ceramic matrix
which also exhibited passable IR transmission, e.g., MgO or
Y203.

Cutler reported that he could produce inexpensive whiskers

of SiC from clay, and that he would welcome the discovery of
an appropriate matrix for them.
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d. Strengthening, Toughening. Recognition of the need
for enhanced toughness prompted several thoughful suggestions.

Bradstreet conceived a CMC with a reinforcing phase of extremely
high §trength, and with a layer of ductile metal at the matrix-
reinforcement interface for effective transfer of stress. Less
definit&vely, he indicated conviction that there was virtue in
créck arrest on a microscopic scale. Also writing with a broad
pencil, McMillan declared that the road to toughness would pass
through a thicket called "microstructural complexity." With
more specific reasoning, Chapman maintained that aligned particles
of a second phase offered promise as barriers to crack propaga-
tion, and McLean thought that preferred orientation of reinforc-
ing filbers might be of paramount importance. A quite different
approach was that of Cline and Rice, who suggested the purpose-~
ful addition of hard particles for initiating microcracks that
would blunt potentially destructive cracks and thus deter their
propagation.

The concept of providing toughness through the presence of
a component that is subject to a strain-induced transformation
was presented by both Diness and Hillig. Both were thinking
of systems 1n which partially stabilized Zro2 was a disperse
phase, subject to the tetragonal-to-monoclinic transformation
when adequately strained.

Overlooking little, Kirchner suggested all three of the
principal means of augmenting fracture toughness: introduction
of small particles as barriers to crack propagation, enhance-
ment of microcracking, and provision for strengthening by phase
transformation.

Tressler proposed to strengthen by increasing the fracture
energy, but he did not say how the improvement might be accom-
plished.

Duckworth summed up wide knowledge in few words. To in-
hibit initiation of fracture, ensure tight bonding at interfaces
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between the matrix and a reinforcement of higher strength and
elastic modulus. To inhibit propagation of cracks, ensure
that the fracture surface energy will increase as cracking
starts, e.g., by crack branching, by plastic flow, or by fiber
pullout. The prevention of catastrophic failure by the incor-
poration of crack arresters, with attendant weakening of the
ceramlic matrix, requires that one accept the initiation of
damage at a lower stress than that at which the unreinforced
ceramic would remai. intact.

D. NONTECHNICAL COMMENT

The comments of this section can appropriately be divided
into (1) History, Administration, (2) Recommendations for R&D,
and (3) Prospects.

1. History, Administration

Blachere was impressed that much of the early work on CMC,
e.g., with metallic fibers, was apparently hasty, and that
some of the promising results were forgotten. On the basis of
long observation of CMC endeavor in Government, Bradstreet
remarked that the prior effort was doomed by blunders of manage-
ment, primarily stipulating that "available" materials be used,
and falling to demand adequate information on the materials
during the planning stage. The programs were further hampered
by inadequate funding, by prejudicial pessimism in DoD and in
NASA, and by a narrow view of the potential utility of CMC
(1.e., only for refractoriness and wear resistance).

Thinking of limited expenditures for research in ceramics,
Bersch expressed the opinion that R&D on CMC should be funded
from the more generous provision for composites. Bradstreet
thought that the planning of any "rational program" should be
guided by a permanent advisory committee. Probst was convinced
that one could not proceed far into a CMC program without
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comparing the projected cost of the product with the predicted
need, or market.

Diness reported that ONR was thinking of holding a work-
shop on toughening mechanisms in ceramics.

2. Recommendations for R&D

A strong proponent of basic research on CMC was Sato. Noting
the lack of fundamental knowledge of such materials, he insisted
that basic research was urgently needed, along with developmental
research and the study of processing. In the same mood, Searcy
declared that the chemical and microstructural effects of ther-
mal cycling should receive "sophisticated and coordinated study."
Likewise, Hillig urged that "emphasis should be on systems that
make sense theoretically"; that materials work should be combined
with theory, lest the effort be malnly productive of wishful
thinking.

Both Doremus and Ordway were firm in the opinion that the
best R&D program would proceed as an effort to solve an actual
problem, rather than as a general development of materials;
that one should identify specific applications, and let them
gulde the work. With equal but opposite emphasis, Russell
maintained that an orderly program of materials development
would be preferred to one that was directed toward "a specific
and difficult application."

Stepping slightly aside from the defined field of interest,
Rice opined that some nonmechanical applications, e.g., acoustic,
optical, or electric functions, may be of equal or greater
promise than are structural uses.

Chapman, who should know, pointed to the paucity of research
on the unidirectional solidification of all-ceramic systems.
He suggested that some oxide/oxide composites may have potential
for high-temperature structural service. With closely similar
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reasoning, Tressler recommended the study of directionally
solidified ceramic eutectics and ceramic/metal eutectics, and
added a suggestion for analogous exploration of very high-
temperature eutectoids.

3. Prospects

Opinions expressed about the outlook for ceramic-matrix
composites were hardly rosy. Writing of a type of composite
that has received considerable attention, Burke took a dim view
of any continuous-phase ceramic containing dispersed wires or
other shaped metallic phase. Tressler was no more hopeful for
the concept of strengthening ceramics with high-strength fibers
of glass or other ceramic to make a body for high-temperature
service; he warned of degradation of the fibers during either
fabrication or service. Tallan acknowledged little enthusiasm
for the Si3Nu/meta111c fiber systems that his group has evalu-~
ated. He Judged that CMCs would be at their best in service
wherein they bore no load, and had to tolerate only limited
thermal shock.

Brown said, bluntly, that many CMCs "just are not practical."
Like Tressler, he knew the danger of unfavorable alteration of
properties during processing. Krochmal, who considered the
development of a useful structural CMC to be a "very difficult
possibility," thought the outlook bleak when he reviewed the
field in 1967, and seemed of the same opinion in 1977.

Probst et al., not altogether pessimistic, thought it dif-
ficult to estimate the potential of CMC unless one had in mind
a specific application, for which all conditions were defined.
Warren judged that, because we are accustomed to "a ductile
world," the structural use of CMCs will not come about until de-
signers have learned to think of themselves in "a brittle world."

Davidson believed in a structural future for CMCs, and he
had hope that the reliability of such systems could be brought
to levels that would satisfy the design engineer.
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IV. SUMMARY OF WORKSHOP DISCUSSIONS

A workshop to explore the state of technology and potential
applications of ceramic-matrix composites was held at IDA on
8-9 September 1977. The attendance was made up of about 15
sclentists and engineers who represented government, univer-
sities, 1ndustry, and research institutes. However, the par-
ticipants were not picked by affiliation but rather by their
recent interest and activity in the specific field of ceramic
composites. In this way, little general background coverage
was required and the workshop could get right down to specifics.

The full workshop lasted for 1 1/2 days. The subject matter
covered is ou<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>